INTRODUCTION
Illumination of solid surfaces by intense laser pulses may provoke the appearance of spontaneous periodic surface structures with periodicities closely related to the wavelength of the irradiating laser. 1 Formation of laser-induced periodic surface structures (LIPSSs) has been observed on the surface of metals, semiconductors, and dielectrics with lasers of different pulse durations from nanoseconds to femtoseconds and different wavelengths from UV to IR. 2À6 In the case of polymers, several studies have shown that irradiation by a polarized laser beam induces self-organized ripple structure formation within a narrow fluence range well below the ablation threshold. 4À9 The period of the ripples L depends on the laser wavelength and on the angle of incidence of the radiation and can be described by the following relation:
where λ is the laser wavelength, n the effective refractive index of the material, and θ the angle of incidence of the laser beam. LIPSSs develop on the material surface as a result of treatment with a laser beam in such a way that the interference between the incoming and the surface-scattered waves causes an inhomogeneous intensity distribution, which together with a feedback mechanism results in the enhancement of the modulation depth. 7, 11, 12 However, the whole mechanism responsible for ripple formation is complex and still not well understood. In the case of polymers irradiated with nanosecond laser pulses, different processes, such as thermal and nonthermal scissoring of polymer chains, amorphization of crystalline domains, local surface melting, ablation, photolytic shrinkage, photooxidation, and material transport and rearrangement, have been proposed to be involved in ripple formation. 4,7,8,11À14 The characteristic surface structures formed in this way can be used to tailor a great variety of surface properties, such as adhesion and friction, 14À16 induced cell alignment, 17 liquid crystal alignment, 18, 19 and colored images generated by superficial gratings. 20 Typically, the more common way to investigate the morphology of LIPSSs is to carry out direct microscopic imaging of the surface by atomic force microscopy (AFM) 2,5À8,13,16,17,19 or alternatively by scanning electron microscopy (SEM). 2À4,11,14,15,18 Quantitative information about the height and the period of the nanostructures is readily obtained by AFM over a range from several nanometers to several micrometers. However, AFM does not provide information on the layer underneath the structures. In fact, the main drawback of AFM is the lack of sensitivity to buried interfaces and the fact that images result in the Langmuir ARTICLE convolution of the tip morphology with the real morphology of the relief. For large enough structures such as the ones investigated in this study, this latter point is a minor problem, but for structures with dimensions of a few nanometers, this could become a serious drawback. Contrary to AFM, X-ray scattering techniques do not provide a direct topography of the surface but information in reciprocal space. This information can be brought back to real space by means of mathematical processing of the X-ray data. In principle, a periodic structure along a specific direction will be easily detected by X-ray diffraction techniques. The corresponding diffraction pattern provides statistical information integrated over a large sample area covered by the footprint of the incident beam on the surface of the material. Therefore, the scattering pattern can deliver structural information averaged over a macroscopic area of typically up to a few hundred square micrometers. Consequently, diffraction can be complementary to AFM for LIPSS characterization since it provides inspection of a much larger area than that observed by AFM. To accomplish X-ray diffraction experiments on surface nanostructures, it is very convenient to work under total X-ray reflection conditions. 21À24 The technique of grazing incidence small-angle X-ray scattering (GISAXS) has been successfully applied to structurally characterize a great variety of soft matter thin films.
21À24 Due to the fact that in GISAXS experiments diffraction is induced by a weak evanescent superficial wave, the use of X-ray synchrotron radiation is especially advantageous. 24, 25 In addition to structural changes involved in LIPSS formation, possible changes in the crystallinity of the polymer films can be studied by grazing incidence wide-angle X-ray scattering (GIWAXS). 22, 26 The main aim of this work is twofold: first, to evaluate the potential of grazing incidence X-ray scattering techniques in the investigation of LIPSSs and, second, to get further insight into the mechanisms that govern LIPSS formation in spin-coated polymer films. To accomplish these goals, LIPSSs have been induced by nanosecond UV pulses on different model polymers, including aromatic ones, such as poly(ethylene terephthalate), poly(trimethylene terephthalate), and poly(carbonate bisphenol A), or aliphatic ones, such as poly(vinylidene fluoride). These polymers present different properties, including the absorption coefficient at the different irradiation wavelengths, thermal transition temperatures, and crystallinity. The nanostructured surfaces were characterized in real space by AFM and in reciprocal space by GISAXS and GIWAXS. Our results suggest that the combination of techniques providing information in real and reciprocal space can constitute an advantageous strategy for the assessment of polymer LIPSS nanostructures.
EXPERIMENTAL SECTION
2.1. Materials. Four different polymers, poly(ethylene terephthalate) (PET) (Rhodia S80 from RhodiaSter), 27 poly-(trimethylene terephthalate) (PTT), 28 poly(carbonate bisphenol A) (PC) (Lexan ML3021A, SABIC I-P (Innovative Plastics)), and poly-(vinylidene fluoride) (PVDF) (Solef 6010, Solvay, Germany), were investigated in this work. Figure 1 shows their chemical structures, and some pertinent physical magnitudes are listed in Table 1 . While PET, PTT, and PC can be easily obtained in the fully amorphous state at room temperature by fast quenching from the molten state, PVDF is typically semicrystalline. Previous to irradiation, UVÀvis absorption spectra of the different polymers cast on quartz substrates were recorded with a UVÀvis spectrophotometer (Perkin-Elmer U/V Lambda 16) in the range of 190À800 nm. The linear absorption coefficients determined for the different wavelengths employed for irradiation are reported in Table 1 . Polymer thin films were prepared by spin-coating on silicon wafers (100), polished on both surfaces. The wafers were previously cleaned with a piranha solution (H 2 SO 4 /H 2 O 2 , 3:1). PET and PTT were dissolved in trifluoroacetic acid (Sigma-Aldrich, reagent grade, g98%), PC was dissolved in chloroform (Riedel-de Ha€ en, 99%), and PVDF was dissolved in N,N-dimethylacetamide (Sigma-Aldrich, 99%) in the concentrations given in Table 2 . A fixed amount of 0.1 mL of polymer solution was instantly dropped by a syringe on a rectangular (2 Â 2.5 cm 2 ) substrate cut out of a silicon wafer placed in the center of a rotating horizontal plate. The rotation speed, rotation time, and thickness of the polymer films, measured by AFM, are also listed in Table 2 . Besides semicrystalline samples of PVDF, and to assess how the crystallinity affects LIPSS formation, coated PTT samples were crystallized by thermal treatment (Mettler FP5, Mettler Instruments AG) at 255°C for 3 min and subsequently cooled to room temperature at 3°C/min.
Laser Irradiation.
Laser irradiation was carried out in ambient air, at normal incidence, with the linearly polarized laser beam of a Q-switched Nd:YAG laser (Quantel Brilliant B, pulse duration τ = 6 ns, full width at half-maximum) at a repetition rate of 10 Hz. Fourth and fifth 42 Langmuir ARTICLE harmonics at 266 and 213 nm, respectively, were used for the experiments. The fluences of irradiation were determined by measuring the laser energy in front of the sample with a joulemeter (Gentec-E, QE25SP-H-MB-D0) and calculating the area of the irradiated spots after delimitating the beam with an iris of 0.45 cm diameter. To produce LIPSSs, the spin-coated films of PET, PTT, PC, and PVDF were irradiated at normal incidence at 266 nm, a wavelength where PET, PTT, and PC absorb efficiently ( Table 1 ). The polymer films were irradiated with a constant number of pulses in the range of fluences of 1À15 mJ/cm 2 and as a function of the number of pulses at constant fluence. PVDF absorbs poorly at this wavelength, and irradiation was performed for fluences in the range of 1À140 mJ/cm 2 . The effect of crystallinity was also studied by irradiating thermally treated PTT to 20 mJ/cm 2 .
2.3. Surface Characterization and Analysis. The topography of the polymer films was examined via AFM (Nanoscope IIIA Multimode, Veeco) in tapping mode, and the images were analyzed with the software Nanoscope Analysis 1.10, obtaining the fast Fourier transform (FFT) of the AFM images. The original spin-coated samples present a flat surface, with mean roughness (R a ) values of e1 nm. R a values are listed in Table 2 and indicate the arithmetic average of the deviations in height from the center plane of the sample. Each R a value corresponds to the average of three independent measurements in different locations of the film. The periods and heights of the LIPSSs were determined from AFM analysis, averaging again the results of three different areas in each sample. Values of the period were derived from the FFT analysis (spatial frequency in the direction perpendicular to the LIPSS). Irradiated areas were also analyzed by GISAXS using the facilities of the BW4 beamline at Hamburger Synchrotronstrahlungslabor (HASYLAB) (Deutsches Elektronen-Synchrotron, DESY, Hamburg, Germany). A scheme of the experimental setup for GISAXS is shown in Figure 2 . The information can be interpreted on the basis of the two orthogonal scattering vectors q z = (2π/λ)(sin R i þ sin R) and q y = (2π/λ) sin ω cos R, which provide information about structural correlations perpendicular and parallel to the film plane, respectively. Lateral correlation between scattering objects on the film surface can induce some scattered intensity appearing out of the meridian (line mÀm in Figure 2 ). 29 An X-ray wavelength of λ = 0.13808 nm, with a beam size of 20 Â 40 μm 2 , was used in our experiments. The scattered intensity was recorded by a Mar CCD detector of 2048 Â 2048 pixels with a resolution of 79.1 μm per pixel and a sample-to-detector distance of 2.211 m. An incidence angle R i = 0.4°was chosen, which is larger than that for polymer materials, and then full penetration in the sample is ensured. Samples were placed to guarantee that the beam was parallel to the direction of the LIPSS, and acquisition times between 40 and 600 s were used. The treatment of the GISAXS images was performed using the software FIT2D.
30 GISAXS measurements provided an independent determination of the period, to be compared with the value obtained by AFM. On the other hand, GIWAXS measurements were also performed at the BW4 beamline at HASYLAB, and in this case the distance between the sample and the CCD detector was 0.17 m. Analysis of 2D GIWAXS patterns can provide information on crystalline structure and crystal orientation among others.
RESULTS
3.1. LIPSSs in Amorphous Spin-Coated Polymers. Spincoated films of PET, PTT, and PC appear to be amorphous at room temperature as revealed by GIWAXS experiments. After laser irradiation at an appropriate fluence range, well below the ablation threshold, and with a given number of pulses, ripple formation is observed with a direction parallel to the polarization vector of the laser beam. As an example, Figure 3 displays typical AFM height images and the corresponding FFT images of areas of PTT irradiated with 1200 pulses at different fluences. For low fluences (F < 3 mJ/cm 2 ), no morphological changes are induced on the polymer surface and roughness remains constant. At around 4 mJ/cm 2 ( Figure 3b ), surface modification starts, as revealed by an increase in roughness. For fluences above 4 mJ/ cm 2 , structures start to be formed and develop in ripples at F g 5 mJ/cm 2 . Ripples are parallel and well-defined in the range of 6À8 mJ/cm 2 . For F > 8 mJ/cm 2 , LIPSSs become distorted, and finally, above 14 mJ/cm 2 , ablation of the polymer takes place, as displayed in Figure 3g . Similar results are observed for PET, while for PC the onset for ripple formation appears at a slightly higher fluence (F ≈ 5 mJ/cm 2 ). Figure 2 . Schematic view of a GISAXS experiment. The scattering plane, containing both the direct and the specular beams, intersects the 2D detector along the meridian, mÀm line, of the GISAXS pattern. The horizon, hÀh line, is the intersection between the sample plane and the plane of the 2D detector, which are perpendicular to each other. Each point on the GISAXS pattern can be characterized by the exit angle, R, and the out of scattering plane angle, ω.
Langmuir ARTICLE For PET, PTT, and PC, the dependence of the period of LIPSSs on the fluence of irradiation at 1200 pulses, as derived from AFM analysis, is presented in Figure 4 . As observed, the period increases in the fluence range of 4À6 mJ/cm 2 in the case of PET and PTT and remains practically constant up to 10 mJ/ cm 2 , when the ripples start to disappear. In the case of PC, LIPSS formation starts at slightly higher fluences (F ≈ 5 mJ/cm 2 ). For PTT an increase in the period from 205 to 250 nm is observed upon irradiation with 1200 pulses, while when the number of applied pulses increases to 6000, the measured periods are 240À280 nm, and no significant differences are observed in the range of fluences at which LIPSSs are formed. The periods obtained are similar to the laser wavelength employed, 266 nm, as expected according to eq 1.
Regarding the height of the ripples, as determined from the AFM images, there is not a clear dependence on the laser fluence of the values obtained. However, the height of the structures is systematically larger for the higher fluence in the range at which LIPSSs are observed, since the depth heated by laser irradiation increases with the fluence as discussed below. Typical values vary between 25 and 75 nm for PET, 40 and 100 nm for PTT, and 40 and 140 nm for PC.
The period of LIPSSs also exhibits a dependence on the number of pulses. Figure 5 shows AFM height images and their corresponding FFT images of LIPSSs created on the spin-coated PET films at F = 6 mJ/cm 2 with an increasing number of pulses. At this fluence LIPSSs are well-defined for a number of pulses N Langmuir ARTICLE > 100. Similar results are obtained for PTT. In the case of PC, 900 pulses are required to initiate LIPSS formation, as listed in Table 2 . The dependence of the LIPSS period on the pulse number is exemplified in Figure 6 for PET, PTT, and PC. It is observed that the period of the structures increases with the number of pulses up to N ≈ 2000 and then a plateau is reached. A qualitatively similar trend is found for PC, although shifted to a higher number of pulses. Regarding the heights of the nanostructures, no clear trend is observed, as in the case of the dependence on the fluence. As far as GISAXS is concerned, Figure 7 shows, as an example, characteristic GISAXS patterns for the three aromatic polymers investigated in the range of laser parameters for LIPSS formation. In Figure 7 we have presented the AFM height images of the samples, the corresponding GISAXS patterns, and cuts of the scattered intensity as a function of ω extracted from the GISAXS patterns at R = 0.2°. For the sake of comparison, results for a sample of PC below the LIPSS formation threshold (N = 6000 pulses, F = 3 mJ/cm 2 ) are also shown (Figure 7d ). Scattering maxima out of the meridian (ω 6 ¼ 0) are clearly visible in the range of LIPSS formation. This is illustrated in Figure 7 (right column) by the corresponding intensity profile across the horizontal direction (at a fixed R = 0.2°). It is worth mentioning that the asymmetries observed in the GISAXS pattern are due to the small deviation in the parallelism of the structures (i.e., LIPSSs are not perfectly parallel along the whole inspected spot). Additionally, the background level in Figure 7d , which is higher than that obtained for the other samples, is presumably due to the contribution of the amorphous phase, which scatters at very low angles in this sample.
Spacing of the first maximum obtained from the GISAXS patterns can be determined through the expression L = 2π/q y max , where q y max is the q value corresponding to the first intensity maximum (indicated by arrows in Figure 7) . Spacing values derived from GISAXS for the irradiated polymers are shown in Figures 4b and 6 . A very good qualitative correlation between AFM and GISAXS results is observed, although the values obtained by GISAXS are systematically lower than the ones obtained by AFM.
Additionally, periodic structures on PET, PTT, and PC were analyzed by GIWAXS to get information about eventual crystallization during LIPSS formation. Bragg reflections were not observed in any condition explored, indicating that the laserirradiated spin-coated polymer films remain in the amorphous state after LIPSS formation. These results confirm that no changes in crystallinity were induced in PET, PTT, and PC upon laser irradiation and structuring of the polymer surfaces.
LIPSSs in Semicrystalline Spin-Coated Polymers.
While spin-coated PET, PTT, and PC films are amorphous at the present experimental conditions, PVDF is semicrystalline, and therefore, it presents the typical morphology of this kind of material, constituted by spherulites a few micrometers in size. Figure 8a shows an AFM picture of a PVDF sample before irradiation. Upon irradiation at 266 nm no LIPSSs were observed in a fluence range of 5À140 mJ/cm 2 ( Figure 8b,c) . The same result was obtained when the sample was irradiated at 213 nm (not shown). However, for this material the linear absorption coefficient is very low at both 266 and 213 nm (Table 1) in comparison to that of the other polymers investigated. Then the lack of ripples could be related either to the initial polymer crystalline structure or to its weak absorption.
To elucidate the effect of crystallinity on LIPSS formation, amorphous PTT was thermally treated by heating to 255°C, above its melting temperature, for 3 min and then cooled at 3°C/ min to obtain a semicrystalline film. The obtained surface morphology is shown in Figure 8d . Spherulites, typical of crystalline polymers, of ca. 100 μm size are formed, and the average roughness is 2.9 ( 0.4 nm. The absorption coefficient of the material did not change after the thermal treatment, as confirmed by UVÀvis absorption spectroscopy. Irradiation of the polymer film at 266 nm, at the typical fluences which led to ripple formation in the case of amorphous PTT, did not result in the formation of LIPSSs (Figure 8e ) even at fluences up to 100 mJ/ cm 2 . However, above 150 mJ/cm 2 signs of polymer surface melting were evident, as shown in Figure 8f , although the material does not reorganize itself into ordered structures.
DISCUSSION
4.1. Mechanism of LIPSS Formation in Spin-Coated Polymers. Regarding the mechanism of LIPSS formation, it is commonly accepted that interference between the incident laser beam and the surface-scattered wave plays an important role. 7, 10 The irradiated surface scatters the incident beam, which interferes with the surface wave, resulting in a modulated distribution Langmuir ARTICLE of the energy on the surface. Some authors 7, 31 have proposed that the modulated energy disposal on the surface causes a similarly modulated heating, inducing temperature gradients and allowing diffusion of the polymeric chains. After repeated cycles of heating and cooling, accumulation of polymer motion leads to the formation of LIPSSs. 31 In particular, for crystallizable materials, it has been suggested 12,14 that heating may induce surface melting and subsequent cooling may cause crystallization at heated places. 7 In this case, the initially smooth surface could increase its roughness through melting and crystallization cycles. Other possible explanations for LIPSS formation are related to periodic photolysis of the polymer chains or to periodic reaction of the excited surface with atmospheric oxygen, 14 which lead to an increase of the UV absorbance and consequently to an increase of temperature. 32 It is known that laser irradiation causes heating of the upper layer of the polymeric film. The corresponding temperature increase can be estimated as a function of time t at different depths x from the surface by solving the one-dimensional heat conduction equation 7 
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where F is the density, c the specific heat, and κ the thermal conductivity of the material. P(t) is a function that describes the temporal shape of the laser pulse; for the fourth harmonic of the Q-switched Nd:YAG laser used in the experiments herein, this function is adequately approximated by a modified Gaussian beam:
where the t factor ensures that intensity vanishes at t = 0 and τ is the pulse duration. This function is normalized to unity in the whole temporal range:
Formally, the heat conduction equation (eq 2) is solved as
where T 0 is the initial temperature, J(x 0 ,t 0 ) is defined as
and G(x,t;x 0 ,t 0 ) is Green's function of the heat equation oper-
and known from quantum mechanics as
Finally, the temperature is given by
This function is a solution of eq 2, which can be verified by applying partial derivatives with the appropriate boundary conditions. Finally, the temperature is obtained by calculating numerically the integral of eq 10 and assuming an initial temperature of 23°C. The integration is also carried out for negative x values, but since the absolute value of the integrand is taken, it is guaranteed that the derivative at x = 0 vanishes. For the sake of simplification, the temperature dependence of the polymer physical parameters were not considered in the calculation, together with the possible changes in the thermal properties of the surface during the thermal and chemical transformation caused by the previous laser pulses (i.e., incubation effects). These effects are estimated to have a minimum influence on the final temperature values. The magnitudes of the properties of the different polymers used for calculating the temperature profiles are given in Table 1 .
The results of the calculations for PET, PC, and PVDF are illustrated in Figure 9 . It is shown that for PET irradiated below 4 mJ/cm 2 , the highest attained temperature is 65°C, which is below the glass transition point (T g ) of PET. However, when the fluence reaches 5 mJ/cm 2 , a layer of around 30 nm heats to a temperature above T g . These results suggest that, to obtain LIPSSs in these polymers, a minimum fluence value is necessary to ensure that the surface temperature overcomes the T g values. In our case, for fluences above 5 mJ/cm 2 , the surface temperature is expected to surpass T g (Table 1 ), inducing surface devitrification, a phenomenon understood as the transformation from a glassy to a soft state, and therefore allowing polymer segmental and chain dynamics. This value of fluence is slightly higher than that corresponding to the experimental threshold for ripple formation for PET and PTT (4 mJ/cm 2 ), but it should be remembered that a simplified temperature calculation was performed. The temperature increase above T g is expected to induce an increase in surface roughness caused by capillary waves, 33 enhancing surface inhomogeneities and facilitating the feedback mechanism involved in LIPSS formation. For PC, as mentioned above, higher fluences and numbers of pulses are needed to induce LIPSSs, as expected due to its higher T g (Table 1 ). In fact, some authors have proposed that a higher T g tends to prolong the "incubation" period needed for LIPSS formation. 31 As shown in Figure 9b , at the fluence of 5 mJ/cm 2 the temperature increase is not enough to reach the polymer T g , but at a fluence of 9 mJ/ cm 2 , at which LIPSSs are optimally formed, a layer with a thickness of around 100 nm is heated above T g .
At a fluence of 10 mJ/cm 2 , which corresponds to the value at which LIPSSs become distorted in PET, the temperature attained on the surface doubles the value of T g , and the whole film is affected. In this case devitrification of the complete film develops. Under these circumstances film dewetting is likely to occur. As is evident in Figure 3g , at higher fluences ablation of the film material takes place, as should be expected due to the high temperatures attained, close to 200°C, at a fluence of 14 mJ/cm 2 . The estimation of the temperature increase also allows discussion of the increase of the ripple period as a function of the fluence in the restricted range at which ripples are formed (F = 4À10 mJ/cm 2 ). In fact, the increase of fluence leads to an increase of the superficial temperature, which in turn generates a "softer material" with lower superficial viscosity. 34 This allows the formation of wider structures characterized by larger periods at higher fluences.
The requirement of reaching temperatures above T g for LIPSS formation implies that ripples are not expected for weakly absorbing amorphous polymers where the laser light penetration depth is higher and the temperatures attained at the surface are not high enough to soften the surface. One interesting aspect that needs to be discussed concerns the absence of crystallization effects, as revealed by GIWAXS, on both PET and PTT. It is known that both polymers are crystallizable above T g with crystallization kinetics providing mean crystallization times in the range of minutes or even seconds. 35 It is worth mentioning that, as shown in Figure 9a , although the increase in temperature induced by a single 6 ns pulse may reach values above T g , there is a subsequent cooling process which returns the temperature surface to its initial value after a few microseconds in the case of PET, PTT, and PC. This time interval can be determined by calculating the characteristic thermal diffusion time, 36 t d , which is given by t d = 1/γR 2 , where γ is the thermal diffusivity, γ = κ/Fc, and R is the absorption coefficient ( Table 1 ). The calculated thermal diffusion time is t d ≈ 3 μs for PET, t d ≈ 1 μs for PTT, and t d ≈ 2 μs for PC. Experimentally, a subsequent pulse, which reaches the surface 100 ms after the previous one, finds the Langmuir ARTICLE surface with a recovered initial temperature. Consequently, cumulative thermal effects due to repetitive irradiation do not take place, and the time interval in which the polymer surface is above T g is on the order of nanoseconds. Within this short time interval, polymer diffusion is not important enough to reach the crystal nucleation step.
In the particular case of semicrystalline polymers, such as crystallized PTT or PVDF, the thermal properties are governed not only by the glass transition temperature but also by the melting temperature (T m ). The absence of LIPSS formation for semicrystalline PTT, in the fluence range where LIPSSs appear for the amorphous specimens, can be explained by considering that significant polymer dynamics is not reached below the melting point, which is much higher than T g , since the crystalline phase constitutes a robust scaffold providing mechanical stability to the material. For PVDF, which is both crystalline and weakly absorbing at the laser wavelength of 266 nm, the time dependence of the surface temperature is shown in Figure 9b for irradiation at 140 mJ/cm 2 . The temperature calculated for all depths along the whole film thickness is constant with a value of around 50°C. This temperature is well below the melting point of this material (T m = 248°C, Table 1 ), which may explain the absence of induced modifications in the range of fluences investigated. Due to the low absorbance, the temperature profile for PVDF presents some remarkable differences with respect to those of PET and PC. First, the temperature is significantly lower at comparable fluences, and second, the thermal relaxation process is much slower, with t d ≈ 11 ms being of the same order as the interval between successive pulses under the 10 Hz repetition rate used in the experiments. Accordingly, a cumulative temperature increase is expected with the accumulation of pulses and explains the film melting observed in the AFM image of Figure 8c .
It is important to mention that the thermal dissipation effect of the silicon substrate on the temperature increase has not been taken into account. From the values of the linear absorption coefficients of PET, PTT, and PC listed in Table 1 , the irradiation depth can be calculated to be a few hundred nanometers. This implies that a negligible amount of laser radiation reaches the silicon substrate, and therefore, the contribution of silicon in the spatiotemporal temperature evolution can be disregarded. Additionally, according to the thermal properties of silicon and, in particular, its thermal conductivity (149 W/(m K)), the substrate would induce the cooling of the closest polymer layers. This effect would moderate the heating to the outer polymer layers, which in turn would favor LIPSS formation. The cooling effect of the substrate could be relevant in the case of weakly absorbing polymers as is the case for PVDF, since the calculated optical penetration depth is as high as 25 μm. However, the experimental results show that PVDF is melted upon irradiation with 6000 pulses at 140 mJ/cm 2 ( Figure 8c ), indicating that even if the cooling effect due to the substrate is present, a cumulative temperature increase takes place and governs the process.
As noted above, the estimation of the film surface temperatures allows the discussion of the main thermal processes involved in LIPSS formation. In previous works by other authors, melting and even recrystallization of the heated areas have been proposed to be relevant for LIPSS formation. 7 However, as shown here, the temperatures calculated together with the GIWAXS results suggest disregarding the role of melting and crystallization during LIPSS formation in the investigated case and rather LIPSS formation in amorphous spin-coated polymer films takes place by devitrification of the film surface at temperatures above their characteristic T g . Moreover, for semicrystalline PVDF, irradiation at high fluences leads to melting of the film, but rearrangement of the material into periodic structures does not occur.
4.2. Assessment of LIPSSs by GISAXS. As far as the comparison between AFM and GISAXS data is concerned, a good agreement, within ∼20%, is observed between the period values. The fact that the values of the period obtained by GISAXS are systematically smaller than those obtained by AFM analysis can be understood considering the nature of the GISAXS signal. Under the premises of the effective surface approximation, 37 the scattered intensity I(q) is approximately proportional to the form and the structure factors P(q) and S(q), respectively, by I(q) µ P(q) S(q) . The form factor P(q) is related to the shape of the scattering object through the Fourier transform of its electron density distribution. In turn, the structure function S(q) is related to the spatial correlation among the scattering objects and therefore contains information about the nanostructure through the pair correlation function. 37 In general, a precise analysis of GISAXS patterns requires more sophisticated tools than the mere application of the Bragg law (L = 2π/q max ) to the observed intensity maxima to extract the underlying structural features of the investigated sample. 38 To get better insight into the type of order of the LIPSS structures obtained on the spin-coated polymer films, a simulation of the GISAXS patterns was performed with the software package IsGISAXS. 39, 40 The distorted wave Born approximation (DWBA) was used, assuming a simple nanostructure consisting of polymer boxes standing on the polymer film. The dimensions of the boxes used to model the nanostructures are those determined by AFM, i.e., width (2R), height (H), and period (L), listed in Table 3 , with a length (W) of 1000 nm (see Figure 10a) . Gaussian distributions for R and H have been assumed, and their values have been directly taken from the AFM determination. Disorder is introduced via a onedimensional paracrystal approach, in which the long-range order is lost gradually in a probabilistic way.
37,39À41 The probability of finding a particle at a distance L is defined by a function p(x) that is considered as a Gaussian in the present simulation:
As the ω/L ratio increases, structure disorder increases, while for small ω/L values a 1D crystalline lattice is obtained. Figure 10 shows the GISAXS patterns of the PET, PTT, and PC samples shown in Figure 7 . For the sake of comparison the intensity values have been normalized to the corresponding value at ω = 0°. The IsGISAXS-simulated patterns have also been included in Figure 10 . Table 3 summarizes the parameters used for the Langmuir ARTICLE simulation and the value of the disorder factor ω which better fits the GISAXS patterns. These simulations strongly suggest that LIPSSs can be well described considering a quasi-one-dimensional paracrystalline lattice and that the irradiation parameters (i.e., fluence and number of pulses) have an influence on the order of such a lattice. As the simulation yields the order factor of the structures, it is possible for each material and laser wavelength to derive the optimal fluence and number of pulses that optimize LIPSS formation. Furthermore, considering that the structural parameters for the fittings are taken directly from those estimated by AFM, it is clear that both techniques are consistent with each other. Further work to systematically relate the degree of structural order with LIPSS conditions is in progress.
CONCLUSIONS
Laser-induced periodic surface structures with periods similar to the laser wavelength and parallel to the laser polarization direction are observed in amorphous spin-coated films of strongly absorbing model amorphous polymers, such as PET, PTT, and PC, in a narrow range of fluences. No LIPSSs are formed in the investigated spin-coated semicrystalline films of PVDF and semicrystalline films of PTT. Calculation of the temperature increase induced upon laser irradiation indicates that LIPSS formation in amorphous spin-coated polymer films takes place by devitrification of the film surface at temperatures above the characteristic T g of the polymers. However, no crystallization is induced by the laser irradiation. Grazing incidence X-ray scattering techniques (GISAXS and GIWAXS) are introduced for the study of LIPSSs to mainly assess morphology order over large sample areas. These results validate GISAXS as an appropriate technique for the analysis of this kind of nanostructure and pave the way for further studies involving the online monitoring of LIPSSs by X-ray synchrotron techniques.
' AUTHOR INFORMATION Figure 10 . LIPSS film geometric parameters used for GISAXS simulation and profile of an experimental relief (a). Comparison of experimental and simulated cuts of GISAXS patterns at R = 0.2°for (b) PET irradiated with 1500 pulses at 6 mJ/cm 2 , (c) PTT irradiated with 300 pulses at 7 mJ/cm 2 , and (d) PC irradiated with 6000 pulses at 7 mJ/cm 2 .
